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PREFACE 


Earth-current investigations of the Department of 
Terrestrial Ma^etism were begun in 1918. After con¬ 
siderable experimentation in electrode performance, 
measuring systems for continuous registration were de-^ 
slgne<^ and the first installation was made at Watheroo 
Magnetic Observatory in Western Australia in 1923. The 
second Installation was made at Huancayo Magnetic Ob¬ 
servatory in Peru in 1926, and the third was made at 
Tucson Magnetic Observatory of the United States Coast 
and Geodetic Survey near Tucson, Arizona, in 1931. 

Earth-current data are comparatively scarce in the 
literature, particularly where detailed results are con¬ 
cerned. Most of the results reported for these and other 
stations have consisted chiefly of summaries, average 
values, and the like. Practically the only exception has 
been the Investigation at Ebro, Spain, for which station 
the individual hourly values of potential were published 
in the monthly bulletins of the Ebro Observatory from 
1910 to 1938. » 

To augment the amount of basic data available ifor 
study and analysis of earth currents, individual hourly 
values for the two stations of the Department of Terres¬ 
trial Magnetism and the co-operative station at Tucson 
are being published for the period during which they were 
operating.simultaneously. Since the Tucson earth-cur¬ 
rent project was in operation only from May, 1931, to 
February, 1943, the records cover a period just about 
equal in length to the normal 11-year sunspot-cycle. 

With the completion of the present program, there will 
be made available simultaneous records from three first 
class stations, including for the first time an equatorial 
station. 


A full 23-year record from Watheroo'Magnetic C»)- 
servatory, the only middle-latitude station in the Southern 
Hemisphere ^t which 'earth currents have been recorded 
over a long period, has been completed, reduced, and 
compiled. In addition, a resistivity survey 6f the region 
about the earth-current lines was made in 1926 to sup¬ 
plement the usual potential records. The present volume 
gives mean hourly values of earth-current potential for 
the years 1932-1942, together with summaries of the 
more periodic variations and a brief discussion of their 
significance. » j 

The authors wish to acknowledge their indebtedness 
to Dr. John A. Fleming, former Director of the Depart¬ 
ment of Terrestrial Magnetism, for support and encour¬ 
agement in initiating and carr3dng out the program. Ac¬ 
knowledgment is also due to the observers-ln-charge of . 
the Watheroo Magnetic Observatory over the 23-year 
period of operation, G. R. Walt, H. F. Johnston, W. C. 
Parkinson, and J. W. Green, for the skill and solicitude 
with which thei installation, maintenance, and operation 
of the equipinirait were carried out. • / 

On July 1, 1947, the Watheroo Magnetic Observatory 
was transferi'ed by gift of the Department of Terrestrial 
Magnetism to the Commonwealth of Australia. The ob¬ 
servatory is continuing in operation under the Depart¬ 
ment of Supply and Shipping, Bureau of Mineral Re- . 
sources. Geology, and Geophysics. 


W. J. Rooney and 0. H. Gish, 
Department of Terrestrial Magnetism 
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EARTH-CURRENT RESULTS FROM WATHEROO OBSERVATOR'^, 
WESTEF^N AUSTRALIA, 1932-1942 

INTRODUCTION 


Systematic observations of earth currents at a num¬ 
ber of stations were made during the last third of the 
nineteenth century. Notable among them were^ those at 
Greenwich, England, 1865-67 [1], Continued With read¬ 
justed layout of lines until the early nlneties;Jit Berlin, 
1883-91, the results of which are covered In lyeinstein’s 
comprehensive report [2]; and at Parc St. Maur, Paris, 
In the early nineties. The advent and rapid expansion of 
direct current power systems in Europe and the unsatis¬ 
factory nature of some of Uie results and conclusions due 
to the masking effects of electrode potentials gradually 
stopped most of the earth current investigations for some 
time. Continuous registration was revived in :|910 at E- 
bro Observatory, Tortosa, Spain, and continueduntll 1938. 

All the earlier work covered only a compairatlvely 
small portion of the Earth at middle latitude stations ih 
Europe. For value in corroborating existing theories of 
terrestrial electromagnetic systems or in causing am¬ 
plification or modification of them, it became obvious 
that (a) data from more widely distributed points on the 
Earth must be obtained, and (b) that the uncertainty as 
to the exact significance of the potential measurements 
must be reviewed. 

Accordingly, about 1920, the Department of Terres¬ 
trial Magnetism undertook a program of earth-current 


measurement^ to accomplish the two ends. The m^dn 
projects were the collection of long series of earth cur¬ 
rent records at thip^^ stations, Watheroo, Western Aus¬ 
tralia, a middle latitude station in the Southern Herni-. 
sphere where earth current data, were completely lack¬ 
ing; Huancayo, Peru, in the equatorial region where data 
were few and inconclusive; and Tucson, Arizona, a mid¬ 
dle latitude station in the Northern Hemisphere, far re¬ 
moved from the earlier European stations, fo take care 
of the second of the two defects in earlier records, the 
measuring systenis were designed to obtain multiple rec¬ 
ords of the two components of earth current 41ow and to 
Investigate effects of contact-potentials at the electi;odes. 
To round out the picture and to obtain a measure of the 
current densities involved, surveys to dete^ine the re¬ 
sistivity of the Earth in the regions of the rneasurements 
were also included in the program. 

Data covering a number of years have now been ob¬ 
tained from these three stations. The results obtained 
at Tucson and Huancayo have been given in “Researches 
of the Department of Terrestrial Magnetism,” Volumes 
IX and XV. The present report covers the<,data obtained 
at Watheroo, thus making availably simultaneous data 
from three widely separated stations for the period of 
approximately one sunspot cycle, 1932 to 1942. 


GENERAL REQUIREMENTS IN EARTH-CURRENT MEASUREMENT 


In order completely to determine I, the current den¬ 
sity vector, it i^ necessary to know both k, the specific 
conductivity, and G, the potential gradient, since 

1 = kG (1) 

To determine k, or Its reciprocal p, the resiptivlty of 
the Earth In regions where earth currents were meas¬ 
ured, a method and apparatus based on Wenner’s “four 
terminal conductor” was developed, and the region a- 
bout each earth current station surveyed. The main sur¬ 
vey was made only once at each station with redetermi¬ 
nations at different seasons of the year to check season¬ 
al variation. More will be said about this portion of the 
wprk In describing the operation of the station. 

If V, the earth-current potential, Is a scalar point 
function which Is analytical In the region of space where 
measurements are made,^ then the rate of change of V 
along any line Is I 

^ ay dx ^ ajy . dy ^ ay dz (2) 

ds ' dx ds * ay ds * dz cis 

When X, y, and z are the rectangular co-ordljiates of a 
point on the line element,(d8) and a, Q, and V are the 
direction angles between ds and the X, Y, and Z axes, 
respectively, then 

dx dv - dz . 

■= cos a; .- ’ ( OS (3; r = cos y | (3) 


It is entirely probable that V Is not always an analytical 
function of the space co-ordinates. Polarization or elec¬ 
trochemical effects may exist across plapes where two 
different geological formations meet, thus giving rise to 
discontinuities. If the region in which the measurements 
are made is quite homogeneous, however, V can be con¬ 
sidered to be an analytical function as above. 

In general, a direction will be found in which the rate 
of change expressed by (2) at a given point Is a maximum. 
This maximum rate Is thus a vector, the gradient (G) of 
the potential at the point. The analytical expression for 
tills vector Is 


= ■(* f. 


' av , av 


when X, y, and z are rectangular co-ordinates. Its 
magnitude may be determined if dV/ dx, aV/ dy, and 
av/dz are.lmown from the relation 


‘^"Yvax/ ^(ayj (azj 


If then the differences of potential between points on 
each of three mu^aWy perpendicular lines and their corn- 
mon point are foipdrand the distance of each point from 
the cornmon point is known, the value of the gradient at 
the point may be computed from the data obtained. 


1 



EARTH-CURRENT RESULTS FROM WATHEROO OBSERVATORY 


The equations abqve apply for a rectangular arrange¬ 
ment of lines, one in ^ due east-west direction and an¬ 
other in the due north-south direction. The third line 
which would be in a vertical direction was not used be¬ 
cause all evidence points to the conclusion that earth- 
current flow occurs practically entirely in a horizontal 


plane. Where arrangement of the lines at right ani^les 
along the geographical co-ordinates is not feasible, the 
determination of dV/dX and dV/dY, is slightly more 
complicated, but this point need not be discussed here 
since the preferred arrangement was used at Watheroo. 


DESCRIPTION OF WATHEROO INSTALLATION 


The Watheroo Magnetic Observatory is about 120 
miles north of Perth, Western Australia, at latitude 30” 
10'. 1 south and longitude 115° 52'.6 east. It is about 50 
miles from the ocean in a rolling desert region which 
is quite free from all artificial electrical disturbances 
common in industrial regions. A plan of the observa¬ 
tory site and the layput of the orl^nal lines are shown , 
in Figure 1. These lines make up a rectangular system 
with a common earth point at 0 and two points (M, N 
and P, Q, respectively) on each line, distributed at in¬ 
tervals of one mile (1.61 km). The line OMN extends 
due east, and OPQ due north from the southwest corner 
of the site. The extra point was provided in each branch 
to make possible a better determination of the potential 
gradient either because of any departure from uniformity 
in the potential field or because of spurious variations in 
the electrode potentials or other deficiencies of the 
measuring system. 

The type of line which seemed best suited for this 
particular location is one in which leaded rubber cov¬ 
ered copper conductor is laid in an Insulating conduit. 
This type of installations has advantages over an aerial 
line, but its cost is greater. In addition to the over-all 
cost, no direct comparison of overhead and undergroimd 
lines for earth-current work had ever been made when 
the Watheroo project was started. Hence it was decided 
to install lines designed to make such a comparison pos¬ 
sible. ' 

For this reason, two parallel lines, one underground 
and the other overhead, connect the points P and M, re¬ 
spectively, to the recorder and through it to O. The gen¬ 
eral location of the lines m^ay be seen in Figures 1 and 2 
where the aerial lines are represented by series of small 
circles and dashes and the subterranean lines are indi¬ 
cated by solid black lines. Connections from Q and N 
to the recorder were made by overhead lines only. 
Switchgear was provided at points M and P so that the 
underground and overhead lines could be alternated in 
connecting the two electrodes installed at each of those 
points. In the region near the atmospheric-electric 
building, point J on Figures 1 and 2, all the conductors 
were carried underground to avoid distortion of the at¬ 
mospheric field in that area. 

The underground lines consisted of cable in bltuml- 
nlzed fiber conduit placed at a depth of about 50 cm be¬ 
low the surface with Junction boxes at intervals of 120 
meters to facilitate testing and repairs. A general idea 
of the construction is given by Figures 3 and 4. The 
conductors in the cable were No. 14 copper wire and 
careful attention was given to the splicing and insulation 
of all Joints. , ' 

The overhead lines consisted of double braid rubber 
covered No. 14 c^per wire on Insulators such as used 
on light 5000-volt transmission lines. At points K and 
I where the overhead lines pass into the conduit and at 
M, N, P, and Q where the lines go to the terminal 
boxes before being connected to the electrodes the 


t4 


shp' 


conductors were connected to leaded cable leads in 
small transfer box placed near the top of the pole. At 
points lightning arresters and fuses we^e also pro' 

The terminal boxes, one of which was also plad 
each electrode, were intended to facilitate switchin 
disconnection for line, electrode, or insulation tes1 1 
'The sketch in Figure 5 shows the details of the box 

The choice of electrodes was made after considi 
able laboratory experiment. The greatest obstacle 
the way of quantitative measurement of earth curr^ 
is the uncertainty introduced by spurious effects w| 
arise at thb electrodes and are Included in the rec 
It will generally be found that two electrodes madej 
a conducting solid, even though every precaution 
en to make them chemically and physically coimteil] 
of each other^ will show differences in potential wl|i 
placed in ordinary soil or water, even when there 
current flowing in the intervening medium. 

In the laboratory tests it was found thht these 
ences in potential vary over wide limits even when] 
perature and moisture conditions Iri the soil are 
constant. 'Part of this effect apparently arises ifi 
film at the surface of the electrodes, as may be 
if one of a pair immersed in water is subjected to 
friction with a glass rod. A larger part arises frAi 
changes in the concentration of the solutions surro 
Ing the electrode. For Instance, the addition of wab 
the soil about one electrode will materially change 
potential relative to one whose environment remabi 
changed. Such changes may range from a few hund 
to a half a volt or more. Comparisons among a lai'i 
number of metals indicate that lead and possibly c; 
um are distinctly superior to other available meta( 
material for electrodes. 

The reversible electrodes, such as metallic 
dipping into copper-sulphate solution or zinc in a 
tlon of zinc-sulphate, the solution making contact 
ground through a porous case, are somewhat less 
Ject to electrode-potential effects when properly ml 
tained, but proper maintenance is difficult over thej 
periods Of time Involved in earth-current measure; 
Moreover, the Inevitable leaking of the solution of 
electrode into the ground over long periods is bound 
change the resistivity of the Earth In its vicinity an 
hence would tend to distort the potential field in a 
manent installation. The reversible electrodes tes 
were also sensitive to temperature changes and heiv 
would have to be set so deep as to make proper att^i 
tlon to them difficult. Temperature and pressure 
are also Important when metallic electrodes are u 
but metallic electrodes can be set as deep as deslr 
since they do not require periodic attention. These 
slderatlons led to the conclusion that Watheroo, a 
arid region wlthi large seasonal variation in the mo|l 
content^pf the soil, would be unusually unfavorable 
satisfactory electrode installations, a conclusion w 
was strongly borne out by the early observations 
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DESCWPTIQN OF WATHEROO INSTALLATION 3 


, The flpst electrodes were temporary ones of lead. 
They consisted of coils made from the remnants of the 
leaded cable used in the underground lines. At one end 
of the cable, the insulation was stripped so that the lead 
sheath could be pressed into good electrical contact 
with the conductor and covered with solder, leaving no 
copper surface exposed. Starting at this end, the cable 
was laid in a flat spiral Of about 10 cm pitch and approx¬ 
imately 15 meters in diameter. At the end of the coil, 
the lead sheath was removed without damaging the insu¬ 
lation, and the rest of the section of cable was used as a 
connection to the nearby terminal box. The electrodes 
were set at a depth of about one meter and their location 
with reference to the points O, P, etc., as shown in Fig¬ 
ure 6. These temporary electrodes were later replaced 
by similar spirals made of pure lead wire and set nearly 
two meters deep. Periodic determinations wefe made of 
the contact resistance of the electrodes which initially 
ranged from 100 to 500 ohms^and gradually increased to 
values from 200 to 2000. 

The more permanent electrodes installed later in sites 
chosen on the basis of better soil conductivity showed 
more satisfactory contact resistances, ranging from 10 
ohms to less than 150 ohms over a period of several years. 

The recording equipment used was a Leeds and North¬ 
rop multiple point recording potentiometer. The advan¬ 
tages of this recorder are, first, the employment of-a 
compensation method for measuring potential, and sec¬ 
ond its ruggedness, compactness, and multiple point vis¬ 
ible recording. The first was of special Importance be¬ 
cause changes in circuit resistance had no effect on the 
measured values and the tendency toward polarization of 
the electrodes was much less than it would be if an in¬ 
strument drawing continuous current were used. The 
multiple point feature of the instrument facilitated ob¬ 
taining duplicate records to study electrode effects and 
other factors affecting the records. 

The chief disadvantage of the recorder was the in¬ 
termittent character of the records, particularly for the 
study of shorter period oscillations. For a really ade¬ 
quate determination of the short period fluctuations, a 
much more open time scale would be needed than is 
practicable for continuous recording and an instrument 
of negligible period, such as an Ainthaven galvanometer, 
would be required. 


OPERATION OF 

Early Records on Duplicate Lines 

Recording of earth-current potentials was begun in 
November, 1923, and continued without serious inter¬ 
ruption until July, 1947. With the line and, electrode ar¬ 
rangement described above, it was possible lor the first 
time to obtain several simultaneous records of each com¬ 
ponent so taken as to provide direct comparison of the 
results obtained (a) with different lengths of line, (b) 
with different electrodes, and (c) with different types of 
line connections, i.e., overhead or imderground. For a- 
bout three years, six electrode and line combinatlohb, list¬ 
ed in the table below, were used. Where both of the two 
nearby electrodes at a given station were used in paral¬ 
lel, the electrode is referred to simply by the letter 
designating the point or station. When only one of the 

\ 


Some changes in the measuring circuit of the stand¬ 
ard recorder were required to adapt it for this work. On¬ 
ly the unusual features of the circuit, shown in Figv re 7, 
will be mentioned here. It will be noted that the pblentl- 
ometer circuit between A and L is in two parts. Ono con¬ 
tains a rotary slide wire, 160 ohms, placed in series be¬ 
tween two resistors of 160 and 120 ohms, respectively. 
The other branc|^ has eleven 40 ohm resistors in series. 
Leads were pro-^ded so that connection could be miide to 
points between these units as well as to A and L. Tills is 
the chief novel feature .of the revised circuit and wa s de¬ 
signed so that positive and negative values could be re¬ 
corded from different lines without shifting connections 
and so that values of a much wider difference in magni¬ 
tude could be accommodated at a higher sensitivity than 
would be possible without this device. Briefly, this ir- 
rangement made it possible to have different base lines 
for each of the elements recorded. 

It will be seen that with the resistances indicated in 
Figure 7 point E on the lower branch should have the 
same potential as E' on the upper branch. The same is 
true for I and I'. Now if one of a pair of electrodes is 
connected to the binding post marked “Com” and the oth¬ 
er through the proper range posts to the post marked E, 
the potential differences ran^ng from 0 to 80 millivolts 
can be recorded for this pair when the instrument oper¬ 
ates at its highest sensitivity. If, however, one of the 
earthed points is connected with I Instead of E, the range 
will be from 0 to -80 millivolts. When a line is connected 
to any point lying between E and I, the range will be part 
negative and part positive^ Similarly, points below\lS give 
entirely positive ranges with the zero point shifted leyond 
the record to the left, and points above 1 give entirely neg¬ 
ative ranges with the zero shifted off scale to the right. 
The two extreme positions A and L record values fi om 
+80 to+160 and from-140 to-60 millivolts, respectively. 

The mechanical features of the instrument, including 
a constant speed motor, clutch, and disc balancing iiech- 
anism, and automatic rotary selector switch are shown 
in Figure 8. Because of its continual motion, the pe ten- 
tiometer slide wire is subject to unusual wear. For this 
reason, the instrument was calibrated against a portable 
hand-operated potentiometer twice each month, and de- \ 
spite practically continuous service held its accuracy 
surprisingly close over the entire period of operation. 


THE SYSTEM 

pair was used, the designations O', O" P', P", etc., dis¬ 
tinguishes between them. For points P and M, the sub¬ 
scripts a and u are used to indicate whether the con¬ 
nection to them was made by aerial or unde?-ground line. 

Com- Dii^- 

pon- Electrodes tance Line 

ent I _ I apart [ _ 

km 

N 0,0'or O" andQ,Q', orQ" 3.23 overhead 

N O' or O" and P^ or Pa 1.61 overhead 

N O" or O'and Pu or Pu 1.61 undergi ound 

E 0,0',orO"andN,N',orN" 3.23 overhead 

E O' or O" and Ma and Ma 1.61 overhead 

E O" or O' and Mu and Mu 1.61 undergi'OUnd 
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Resistivity Survey 

As stated abo^, in the study of terrestrial electric¬ 
ity and allied phenomena, a jknowledge of the specific re¬ 
sistance of the Earth’s crust is essential. While the re¬ 
sistivity of Its constituent elements is generally well 
known for laborato^ condlticms, but few data are avail¬ 
able on the resistivity of the crust itself and its distribu¬ 
tion laterally and with depth. For this reason, a resis¬ 
tivity survey was madle in the region surrounding the 
Watheroo Magnetic Observatory in 1925-26 after regis¬ 
tration of the earth-current potential gradient had been 
in progress for about two years. The extent of the sur¬ 
vey, the results obtained, and their bearing on the values 
of current density are the subject of the following section. 

The method and ^paratus used to determine the re¬ 
sistivity of the undisturbed soil have been described in 
previous papers [3,4]. No essential change in the ap¬ 
paratus has been made since the preliminary work,‘al¬ 
though a new commutating unit of improved mechanical 
and electrical characteristics was constructed during 
the Watheroo survey, and the procedure was modified 
somewhat to obtain a more complete elimination of the 
instrumental leaks. 

The extent of the survey at Watheroo and the distri- 
buticm of the resistivity measurements with reference 
to the earth-current potential system are shown in Fig¬ 
ure 9. On each of the long survey lines, six groups of 
determinations at electrode separations ranging from 
2.5 to 60 meters were made, the center points of the 
groups being shown by crosses. On lines one, two, three, 
four, and six, additional determinations at larger sepa¬ 
rations were also made as follows: six at 100 meters, 
three at 200 meters, two at 300 meters, two at 400 me¬ 
ters, and one at 600 meters. The short lines near the 
earth-current electrodes represent single groups of de¬ 
terminations at electrode separations 2.5 to 60 meters. 
Lines five to seven were orlglnaUy laid out as long lines, 
but only the two central sections were surveyed, the 
greatest separations used on them being 200 meters. 

Most of the measurements were made during the sum¬ 
mer or dry season but those on lines one, two, six, P, 
and Q were repeated after the winter rains were well 
under way to investigate the effect of seasonal varia¬ 
tion. Altogether, some 700 determinations were made, 
of which 360 were distinct as to electrode separation 
and position, the remainder being either checks or tests 
for seasonal variation. For the last quarter of ^e work, 
the new commutator was available, and in 140 ckses in¬ 
dependent determinations were made with the two com¬ 
mutators to compare their characteristics and afford a 
check on the measured values. 

Watheroo is situated on one of the many sand plains 
of Western Australia. It Is about 50 miles from the sea 
on the DarUng peneplain and about 800 feet above sea 
level. The country about the observatory is featureless, 
gently rolling, and covered wlto low brush. There are 
occasional outcrops of rock, usually a conglomerate, 
and a few areas with a hard clay-like surface. The hard 
ground section shown on the sketch in Figure 9 is the 
largest within a radius of seven miles or more. In gen¬ 
eral, the ground was higher and the sand deeper along 
the north-south earth-current line than along the east- 
west line, although the results of the surypy indicate 
that the sand Is comparatively shallow everywhere with¬ 
in the survey area. The district has no waterways wor¬ 
thy at the name but there are occasional water holes, one 


of which lies within the boundaries of the observatc ry 
site, in the area shown on the sketch, six wells have 
been dug with success; all but one of these 3 rleld a water 
too brackish to be palatable. iThe annual rainfall it about 
16 inches, of which some 80 per cent falls during tlie 
winter. j 

The geological structure of the region is sometrhat 
uncertain. The bed rock of tlie plateau is granite vlth 
Jurassic rocks occurring in 4any places [5]. The por¬ 
tion about the observatory is reported by the Geological 
Survey of Western Australl^^6] to consist of exter sive 
sedimentary beds, the exact hlature of which is not known. 

Because of the physical characteristics of the region, 
the conditions for resistivl^ measurements were e x¬ 
tremely unfavorable, particulayy for the larger eluc- 
trode separation or greater depth measurements.' The 
surface layer of dry sand has, naturally, a high specific 
resistance. Now practically all\the resistance of tie 
measuring circuits can be considered as concentrated 
at or near the contact surfaces of the electrodes arid the 
^roimd. Hence, when the current electrodes are in such 
a loose highly resistant substance, the amount of current 
which can be obtained from the restricted sources of 
power available for fMd work is decidedly limited A 
similar condition at me potential electrodes reducos the 
sensitivity of the potentiometer galvanometer. Whm the 
average resistivity* P > of the volume of earth Included 
in the measurements is high, the magnitude of the ratio 
V/l compensates to some extent for the small currents 
and the sluggishness of the galvanometer; V is the po¬ 
tential difference and I, the current. However, at 
Watheroo the sand layer is shallow and beneath it lies 
a stratum of very high conductivity much deeper than 
the sand. As soon as this stratum was included in the 
measured volume, the average resistivity, and hen ^e the 
ratio y/1 dropped sharply, while the unfavorable condi¬ 
tions in the measuring circuits remained unchanged. 
Hence the most difficult conditions which can be en¬ 
countered are such as were found at Watheroo whe ’e a 
shallow high-resistivity layer lies over one of much 
higher conductivity, since they involve the determination 
of low potential values with insensitive apparatus. The 
slight errors in potential measurement due to lack of 
perfect insulation in the Instrmnent or to Imperfecl 
commutation are apt to have an exaggerated effect under 
these conditions, and it was to minimize their effect that 
the new commutator was constructed and the procelure 
revised. 

A summary of the results of the Watheroo survsy is 
given in Table 1, in the last section of this volume, which 
shows the mean, as well as the highest and the lowest 
values recorded at each electrode separation, and Ihe 
time of year at which the determinations were mads. 
Table 2 gives the results of the individual determina¬ 
tions on lines one, two, and four. These three lines are 
chosen for prfesentation because they cover practically 
the entire range of values recorded, line two having in 
general the lowest resistivity and line four the highest, 
and the values on line one falling close to the average. 

The results on li/5e three were very similar to those for 
line four; line six was Intermediate between lines one 
and two. The short-line results varied widely, the re¬ 
sistivity depending on local differences. Where the 
sand was absent, they resembled the results at the east¬ 
ern end of line two, and where it was deep, they we -e 
like those for the western end of line one. The first 
thing to note is the wide range of values recorded, 
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nimtily, from 90 to 4,620,000 ohms per centimeter cube. 
The highest yalue was recorded near the surface at line 
P during the height of the dry seascm. Here the surface 
soil is a whitish sand. A similar patch was found| at 
Section a of line 1 and gave a value nearly as high. Late 
in Jime, after some Seven or eight inches of rain had fal¬ 
len, this type of soil had a resistivity of a little over one 
million. For the yellowish sand which comprised the 
great bulk of the surface material, the resistivity was 
found to run from one hundred thousand to one million, 
depending on the moisture it contained. 

As the depth of soil included in the measurements 
increased, the average resistivity dropped very rapidly 
—so much so that at line P, at the same time that the 
^ maximum value of the sunrey was recorded, the average 
resistivity to a depth of 60 meters was slightly under 
1500. In view of the fact that the measurements give 
the average resistivity to a depth equal to the electrode 
separation, and that in ttiis average, the material near 
the surface, because of the lateral as well as ve^cal 
spreading of the current lines, has the greater weight, 
the results obviously Indicate that the sand is shallow 
and that beneath it lies a stratum of very low resistivity. 
These facts were checked by digging at a number of 
points and it was found that the depth of the sand could 
be determined from a comparison of the results ob¬ 
tained with different electrode separations. It varied 
over the survey area from a little over ten meters to 
zero. 

The lowest values of the survey were also recorded 
for soil near the surface but in areas where the sand is 
absent, that is, where the low, resistivity stratum comes 
to the surface. These areas were usually found in de¬ 
pressions or water holes, although the largest, shown in 
Figure 9, is on fairly high ground. The surface soil in 
these areas is compact and clay-like, and in several 
places, particularly in the water holes, the steel rods 
used as electrodes were found, when withdrawn, to be 
encrusted with salt. The minimum resistivity of the 
survey was recorded during measurements made in a 
strip known locally as the “salt branch,” which in very 
wet winters becomes a sort of stream. This salt branch 
is located about six miles east of the observatory site 
and does npt appear in the sketch of the locality. In gen¬ 
eral, the relativity of the cl^y-Uke material was be¬ 
tween 100 and 250 ohms per centimeter cube, and, un¬ 
like that of the sand, it showed but little variation with 
the season, practtcally identical values being recorded 
on the eastern end of line two, for Instance, in January 
and in June. In this large hard-ground section at the 
eastern half of line two, the average resistivity changed 
very little with depth until electrode separations of 100 
meters or more were used. This indicates that the 
structure there is fairly homogeneous for that distance 
below the surface. 

So far, reference has been made chiefly to the re¬ 
sistivity of the soil near the surface. Of greater im¬ 
portance in the study of earth-current density are the 
values of resistivity to more considerable depths. Ex¬ 
amining them, we find much less divergence in the re¬ 
sults of individual determinations as the relative im¬ 
portance of local surface differences decreases. The 
results of the larger separation measurements are 
probably presented to better advantage in the curves in 
Figure 10. These curves show the variation of resis¬ 
tivity with depth of soil Included in the measurement. 

For a given position anywhere within the survey area. 


except where the low resistlvl^ stratum comes to the 
surface, the minimum resistivity was reached at elec¬ 
trode separations from 60 to 100 meters. The meah 
value of the average resistivity to these depths was 705 
ohms per centimeter cube. At electrode separations 
greater than these, there was a gradual and fairly uni¬ 
form Increase in the| average resietivlty up to that re¬ 
corded at 600 meters, the greatest separation at wllch 
measurement was attempted, The mean value to this 
depth was a little over 5000 ^hms per centimeter cube. 
The significance of these values may be better appi ecl¬ 
ated through comparing them with the resistivity of wa^ 
ter. The resistivity of the water in the Tidal Basin ofr 
the Potomac River was found by Gish and Rooney [-1] to 
be about 4600 ohms per centimeter cube. Hence if the 
material at Watheroo to a depth of 500 meters were re¬ 
placed by water, the conductivity of the region to that 
depth would be unchanged, while for the first 100 me¬ 
ters, the conductivity would be less than one-sixth as 
great as it is at present. So far as.the geological struc¬ 
ture of the region is concerned, it is apparent from the 
curves that the low resistivity stratum extends oh t[ie 
average to a depth of 60 to 100 meters, since the aver¬ 
age resistivity decreases untif separations of those dis¬ 
tances are used and then increases when greater depths 
are included. It is clear, therefore, that beyond 100 me¬ 
ters, some stratum of higher resistivity is coming Into 
play. 

Because of the unfavorable conditions describee a- 
bove, the accuracy of the measurements at Watheroo is 
not so high as that obtained in some of our preliminary 
work. The most accurate records are those obtained at 
electrode separations of 2.5, 5, lOo/sOO, and 600 meters; 
the first two because measurements to these depths can 
be made with accuracy even under adverse conditions, 
and the last three because particular attention was given 
to obtaining the best possible conditions for these series 
in order to obtain a good distribution of the more relia¬ 
ble data. The results reported for these separations are 
uridoubtedly in error by less than 2 per cent on the aver¬ 
age. For the remaining separations, the accuracy of the 
individual determinations varies considerably, depend¬ 
ing chiefly on the conditions as to contact resistance at 
the electrodes. Some of the results may be in error by 
as much as 10 per cent, ‘though on the other hand, many 
of them are surely correct to 1 per cent. Probably the 
best indication that the average accuracy of these re¬ 
sults is satisfactory lies in the consistent manner in 
which the mean values blend in with the results at those 
separations which give the hllgher accuracy, as may be 
seen by an examination of theTcurves and tables. 

Brief mention has already been mada of the season¬ 
al variation in the resistivity of the surface material. 

In the loose sand during the dyy season, the values for 
small depths are sometimes from four to eight fold 
those recorded after the ^alnjj season had advanced, 
while in the more compact cl^y the variation with sea¬ 
son was negligible. For the Idngest separations, the 
total change with season in the average resistivity was 
negligible. 1 

The results qf measurements at electrode separa¬ 
tions between 10 and lOO meter® show some apparent 
anomalies when considered from the standpoint of sea¬ 
sonal variation, in that they sonietimes indicate an in¬ 
crease in resistivity from the dry to wet season, even 
though the resistivity nearer the\ surface has undergone 
a considerable decrease. These. Romanes considerably 
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exCCfCd the estimated errors of observation, and it is ac¬ 
cordingly surmised that they arise from the movement 
of, or changes in the soluble content of, the ground wa- 
.ter, of these regions. However, further observation is 
necessary to establish the real cause. 

Modifications Resulting from Early 
Records and Resistivity Survey 

The first point brought out by the threefold compari¬ 
son made possible by the various lines was that the type 
of line connection used was Immaterial, provided ade¬ 
quate line insulation was maintained. Frequent inter¬ 
changing of the overhead and underground lines at points 
P and M showed that there were no differences at all in 
the results obtained with either except during thunder¬ 
storms, at which times typical disturbances were found 
in the records obtained wltti overhead lines while those 
from the underground lines were completely normal. 
Consequently, recording with underground lines was dis¬ 
continued in; June, 1928, when the insulation of the lines 
began to det^orate, and thereafter only two records of 
each component were obtained. Fortunately, thunder¬ 
storms are Infrequent at Watheroo and the abandonment 
of the underground lines resulted in a negligible loss of 
record over the years of operation of the systems. 

More important facts brought out by the multiple rec¬ 
ords were (a) the lack of significance of the absolute val¬ 
ues of potential recorded and the fact that they represent 
chiefly electrode effects, (b) the necessity of having long¬ 
er east-west lines because of the very small eastward 
component found at Watheroo, and (c) most Important, 
the desirability of obtaining unlfornTelectrode environ¬ 
ment and optimum conditions as to the resistivity of the 
soil about the electrodes to minimize the masking effects 
of (a) and of certain errors introduced by such small in¬ 
sulation leaks as are inevitable in the operation of 
earthed lines. More detailed discussion of the ddpli- 
cate recorders has been given in a previous paper [7] 
and will not be repeated here. 
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As stated before, the original electrodes were inten- : - 
tlonally temporary and their sites wereSelected solely \ 
for their relative positions. Now the sur|face soil in the \ 
region about the Watheroo Magnetic Observatory varies 
from loose sand, which in some places appears to be ^ 
almost pure quartz, to a compact clay containing con- ' 
slderable quantities of magnesium salts. The clay also 
forms a thick hard pan underlying much of the sandy 
area at no great depth. Naturally these two materials 
are quite unlike electrically and their difference becomes 
more marked during the dry season when practically all 
the moisture disappears from the sand while the clay ap¬ 
parently changes but little in moisture content or elec¬ 
trical resistivity. n 

Hence to Improve the operation of the system and 
remedy the deficiencies indicated by the multiple rec¬ 
ords, a second electrode Installation was started in 1926 ' . 
in which the eastward line was extended and all the elec¬ 
trodes were placed in the clay-like soil dt sites selected 
on the basis of the results of the earth-resistivity survey. 
For about one year the two systems were compared by 
being operated in alternate half-months and until the old 
electrodes were abandoned the electrodes of the new sys¬ 
tem were referred to by the subscript x- The common 
point Ox df the new system was located 100 meters due 
west of the original electrode O. The lines used subse¬ 
quent to 1928 and their lengths are as follows: 


Northward 

OP 

2.01 km long . 

Northward 

OQ 

3.43 km long 

Eastward 

ON 

3.30 km long until April 1, 1935 

Eastward 

OS 

5.59 km long after April 1, 1935 

Eastward 

OR 

9.96 km long 


All of the data presented in this report were obtained 
from these lines, since no major changes were made in 
the system after 1928. Duplicate recording was contin¬ 
ued throughout the entire period as a check on the per¬ 
formance of the elements of the system and was quite 
effectual in revealing any failure or deterioration of 
electrode or line and so in ensuring prompt attention to 
obtain accurate records of the potentials. 
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REDUCTION OF RECORDS AND DISCUSSION OF RESULTS 


General Considerations 


Of the three major projects in earth currents un¬ 
dertaken by the Department of Terrestrial Magnetism, 
measurements at the iVatheroo Magnetic Observatory, 
Western Australia, 1924 to 1947, were the first and the 
longest continued. Measurements at Huancayo, Peru, 
covered the period from 1927 to 1946, and those made 
at Tucson, Arizona, in co-operation with the United 
States Coast and Geodetic Survey and the Bell Tele¬ 
phone Laboratories began in 1932 and continued until 
1942. Though the duplicate records for the entire 23 
years at Watheroo have been reduced, only the data for 
the period during which all three stations were operat¬ 
ing simultaneously, that Is, for the 11-year period 1932 
to 1942, are presented In this volume. Fortunately, this 
interval is just about equal to'the length of a normal sun¬ 
spot cycle, and that fact should make the combined re¬ 
ports, of which this volume is the third, of unusudl value 
/ 


to those interested in the correlation of earth currents 
with other geophysical phenomena. 

The results of the Watheroo recording are summa¬ 
rized in Tables 3 to 29, and in Figures 12,13^, and 14. De¬ 
tailed data, consisting of mean hourly values of potential 
as recorded on one south north and one v^est-east line 
are found in Tables 30 to 293. All the data for the east¬ 
ward component were obtained on line OR, 9.96 km in- 
length. For the northward component, the records are from 
line OQ, 3.43 km long, except for the first seven months 
of 1932 during which period the duplicate records showed 
that the records obtained usirig electrode Q wqre defec¬ 
tive because of deterldratipn of the insulation of the con¬ 
ductor leading to the electrode through the ground. For 
ithls period of seven months the records from line OP, 
2.01 km long, have been substituted asbeingmore accurate. 
Tiie records could be scaled with accuracy to one-tenth 
of a millivolt and to avoid the use of a decimal point, the 
values shown in the 264 detailed tableb are given in that 
unit rather than in the more usual unit millivolt, 
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REDUGtlON OF RECORDS AND DISCUSSION OF RESULTS 


Absoluts Potsntials aiid Dally Means 

In any eraluatlon of earth-current records, It must 
be borne in mind that the absolute values of the recorded 
pobmtial are practically meaningless since they repre¬ 
sent mostly electrode potentials. In the case of the 
Watheroo data, tlds fact is extremely important because 
of the difficult character of the region with its high re¬ 
sistant sandy soil and the extreme range In its moisture 
content throughout the year. The lack of significance of 
the absolute potentials Is readily apparent from a study 
of the duplicate records. For Instance, during March, 
1926, the potmitial between the common electrode O and 
electrode P' situated 1.61 km north of it was -28 my 
while that between O and P", situated less than 60 feet 
from P' (see Figure 6) was +41 millivolts. If these po¬ 
tentials are Interpreted as indicating current flow be¬ 
tween points O and P, the first would show a consider¬ 
able current flowing from P toward O and the second an 
even larger current flowing in the opposite direction. 

This is, of course, obviously absurd. In spite of the 
great difference between the conditions existing at the 
two P-electrodes at the time, as indicated by the large 
contact potentials, the records of diurnal variation and 
of short-period fluctuations obtained at the same time 
from the two sets of records were in excellent agree¬ 
ment both as to direction and amplitude although the 
total range of diurnal variation was only about 2 mv at 
the time. 

Further evidence that mean values of potential do 
not represent current flow and that the slow changes 
they undergo are primarily due to changes in the con¬ 
ditions near the electrodes is found in Figure 11. Here 
the dally mean potentials recorded during the two-year 
period 1929 to 1930 are shown for the four lines record¬ 
ing during that time. Climatically the year at Watheroo 
is divided into two rather sharply defined seasons, wet 
and dry. Light to heavy rains fall frequently from June 
to November, while practically no precipitation, except 
for infrequent thunderstorms, occurs during the remain¬ 
der of the year. It is .at once apparent from Figure 11 
that the major changes in the mean potentials are as¬ 
sociated with the transition from one season to the other. 
Electrodes O and R were both located in places where the 
moisture content varied little, while P, N, and Q were 
less favorably situated. 

For this reason, the fact that the dally mean values 
given in the tables of hourly means show a progressive 
change and, in the case of Une.OQ, a i:eversal of sign 
about twice each year has no further significance than 
to indicate that the conditions for earth-current flow are 
particularly severe and trying at Watheroo. 


Disturbances, Earth-Current Storms 

Because of the limltatlolis set by electrode potentials, 
earth current studies must be restricted to consideration 
of the variations in the recorded potentials. The varla- • 
tlons most readily apparent in the records are the irreg¬ 
ular fluctuations sometimes of brief duration and some¬ 
times continuing for several days. These disturbances 
or earth-current storms are found in the Watheroo rec¬ 
ords and have been examined in cminectlon with magnetic 
disturbances and with solar activity. Disturbance data 
are difficult to summarize or even to present in a re¬ 
port without reproducing the' original records. Hence 


discussion of them here will be restrict 
ment that at Watheroo as elsewhere the 
disturbances parallel in time those in tl_, 
field, and both show decided correlation wUh solar ac¬ 
tivity as evidenced by silmspot number. Classification | 
of days as calm or disturb^ on the basis of the smooth- I 

ness of the recorded traces gives almost exactly the I 

same result wheUier earth current or magnetic records i 
are used. 


Periodic Changes 

The solar diurnal variation .--Of the periodic varia¬ 
tions undergone by earth currents, the solar diurnal var¬ 
iation is the most pronounced and informative. It is on 
an examination of this variation and Us modification 
with season and with solar activity that nearly all con¬ 
clusions as to the nature of the terrestrial electric field 
and its relation to other geophysical phenomena are 
based. 

The diurnal-variation records from Watheroo for 
the li-year period covered by this report are summa- - 
rized by years in Tables 4 and 5, and by months in Ta¬ 
bles 6 and 7. Diurnal-variation data for each individual 
month will be found in Tables. 8 to 29. These tables 
show the mean hourly departure from the mean of the 
month expressed in hundredths of a millivolt per kilome¬ 
ter. In the discussion, however, the more usual unit, mil- \ 
livolts per kilometer, will be useS. In tabulating the di¬ 
urnal variation data for the individual months, a correc¬ 
tion for the acyclic change was made by determining the 
mean slope of the curve of dally mean potentials and cor¬ 
recting the values for each given hour by adding or sub¬ 
tracting a value equal to the mean rate of change in the 
absolute values recorded. That this procedure was jus¬ 
tifiable is proved by the fact that when the mean diurnal- 
Variation curve for a year is det^mined through sub¬ 
tracting each hourly mean from the'me^ of the year, no 
acyclic change correction is required and the annual y 
curve obtained ip this way agrees with the annual curve 
obtained through averaging the twelve monthly diurnal- " 1 
variation curves to within one one-himdredth of a milli¬ 
volt per kilometer. 

The mean diurnal-variation curves for the 11-year [ 
period are shown in Figure 12. Positive values indicate ! 
a current directed northward or eastward. The range of 
the northward curve is 1.10 mv per km. The curve is 
one of essentially double period, its principal maximum at | 
about I2h 30m, local'time, two nearly equal minima at 
08h 30m and 17h 30m, and a secondary maximum at 02h 
30m. The eastward curve is again a double period curve ' 
with a much smaller range, 0.10 mv per km with maxi¬ 
ma corre. ponding closely in time to the minima of the 
northward curve and minima which occur nearly at the' 
same time as the upper curve maxima. 

The diurnal variation is shown in a different manner 
in the hodograms in Figure 13. Here the successive 
points indicate the position of the end of the current vec¬ 
tor fbr each hour of the day. The center hodogram in 
Figure 13 is that for the over-all 11-year mean and was 
constructed from the same data (Tables 4 and 5) as the 
time curves in Figure 12. 

The diurnal variation shown in Figures 12 and 13 is 
typical of that found at all middle latitude stations. At 
such stations the northward component is definitely pre¬ 
dominant and the time curves are always of double period 
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EARTH-CURRENT RESULTS 


PROM WATHEROO OBSERVATORY 


, a marked maximum flow of current toward the equa¬ 

tor nekr noon. At all such stations also the direction of 
current flow is restricted rather closely to a direction 
which is close to the magnetic meridian at the station 
when the measurements are made. The declination at 
Watheroo was 3® 58'.4 west in 1932 and decreased slowly 
to 3° 08'.2 west by 1942. Ibe slight leftward tilt of the 
hodograms is just about equal to the mean of these fig¬ 
ures. 

The renge of diurnal variation at Watheroo, a little 
over 1 mv per km, is surprisingly small on first con¬ 
sideration. The range at Tucson is over 5 mv per km 
on the average, and that at Ebro, Spain, is even greater. 
The explanation for the sma]|l range at Watheroo was 
found in the results of the reisistlvity survey given above. 
Since earth currents are quite certainly induced currents 
circulating in paths of great dimension, the magnitude of 
the currents depends on the resistance of the paths as a 
whole while the potential gradient as determln^ at a giv¬ 
en locality is proportional to the resistance of that por¬ 
tion of the path in the immediate vicinity of the measure¬ 
ment. And at Watheroo the resistivity sui-vey indicated 
that the average resistivity of the re^on to depths of 
some 300 meters is comparable to that of a region of 
slightly brackish water and that the soil is far more high¬ 
ly conducting than most earth materials. The fact that 
the range is smaller than at other middle latitude stations 
by a factor of five to ten is therefore quite understandable 

In 1936, Gish [8] using the records from Watheroo, 
Tucson, Huancayo, and Chesterfield Inlet was able to out¬ 
line 'the general circulation of earth currents over the 
earth. The picture obtained shows eight great whorls or 
eddies of current rather symmetrically spread with ref¬ 
erence to the equator and a secondary series of similar 
whorls near the poles. .The whorls should be considered 
as fixed in space under the Sun with any point on the 
Earth occup^ng successive positions in them as the 
Earth rotates on its axis. The whorls on the daylight 
side of the Earth are large and well defined; those on 
the dark side are weak and far less definitely outlined. 

The main features of diurnal variation as recorded at 
Watheroo, viz., double periodicity of the time curves, 
high activity during the day with a large surge of cur¬ 
rent toward the equator near noon, and even the restric¬ 
tion of m^t of the current flow to a direction along the 
magnetic irorldlap, are all consistent with the general 
circulation/outlined by Gish. 

Seasonal changes . - -The seasonal changes in earth- 
current activity as evidenced in the diurnal-variation 
records is shown in Figure 14 and in Tables 6 and 7. 
Because of the minute eastward component, records of 
the northward component show it best. The range of 
diurnal variation for this component is smallest, 0.64 
mv per knr, in June, and greatest, 1.67 mv per km, in 
October near the vernal equinox (Southern Hemisphere). 
Another maximum nearly equal to that in October is 
shown in Figure 14 just before the autumnal equinox. 

The seasonal changes are chiefly changes in intensity. 
Here as at most middle latitude stations the relative 
magnitude of the two components remains about the 
same throughout the year and there is no marked dif¬ 
ference in their phase relationship. There is, however, 
some shift in the times at which the principal maxima 
and minima occur. The maximum morning flow away 
from the equator and the noonday peak of flow toward 
it are reached earlier in the summer than in the winter. 
The afternoon maximum of flow away from the equator 


shifts less than the others with seasoin. In this respect 
also the Watheroo records are in agreement with those 
from other middle latitude stations. 

Variation with solar activity . --Vs riatton in the fre¬ 
quency and intensity of disturbances, accompanied by 
similar disturbances in the magnetic records and fol¬ 
lowing closely changes in sunspot number, has been 
referred to previously. A study of the Watheroo rec¬ 
ords shows that the normal activity of earth-current 
'flow as shown in the diurnal variatior on all days or on 
days quite free from disturbance alsci shows a high cor¬ 
relation with solar activity. 

The general way In which normal earth-current ac¬ 
tivity varies with solar activity can be seen in Tables 3, 
4, and 5, and in Figure 13. The latter presents the meap 
hodogram for the entire 11 -year period in comparison with 
the annual hodograms for two years, one near the sunspot 
minimum and one near the sunspot maximum. 

More detailed comparison of the ac tivities can be made 
more readily if the records of the predominant northward 
component alone are used. So Figure 15 shows the mean 
monthly and mean annual ranges of diurnal variation for 
the northward component at Watheroo together with mean 
annual sunspot number for 15 years, he last seven of 
which are the same as the first seven for which detailed 
data are provided In this report. Ranges of diurnal vari- 
tlon at Huancayo and Tucson are also shown for such of 
the 15 years as those stations were in operation. i 

The variation in earth current activity shown in Fig¬ 
ure 15 is a combination of a large seasonal change 'with 
a somewhat smaller change following the sunspot-cycle. 
The seasonal changes in activity at Watheroo are regular 
enough to be allowed for. If then, instead of plotting the 
range in a given month, we plot the difference between 
this range and the mean range for the same month over 
a complete cycle, this should eliminate most of the effect 
of seasonal change and obtain a better representation of 
the variations in earth current activity which can be at¬ 
tributed to changes in sunspot number alone. The result 
of this treatment of the data is given in Figure 16. Here 
the solid earth-current curves show the differences be¬ 
tween the range for each month and the mean range for 
that month during the 11-year period 1927 to 1937, and 
the smoother broken curves show the annual means of 
these differences. Curves for Tucson and Huancayo are 
also shown and the bottom curves give mean monthly and 
mean annual sunspot numbers. 

That the anqual variation in earth-cupent activity is 
closely related to the sunspot-cycle is evidenced froip 
Figure 15. The coefficient of linear correlation for tiie 
broken curves in that figure, calculated for Watheroo! a- 
galnst sunspot number of the 11-year period 1927 to jl937, 
is 0.942. If the entire 15-year period 1924 to 1938 Isj in¬ 
cluded, the correlation factor obtained is 0.862. (Consid¬ 
ering the Huancayo curves, correlation factors for thje 
same 11-year period were 0.976 for the northward com¬ 
ponent and 0.962 for the eastward.) The decrease in the 
coefficient at Watheroo when the entire 15-year period is 
included may or may not be significant. It is, however, a 
fact that between 1927 and 1937 the recording system there 
was functioning with high precision as determined by 
comparison of the independent simultaneous records. 

The 15-year records, on the other hand, include les^ re¬ 
liable data obtained in the earlier years when experimenta¬ 
tion with electrodes and electrode sites was in progijess. 
In any event, even the lower figure indicates a high de¬ 
gree of correlation. 
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The solid curves in Figure 16, in which the effect Northward component, Huancayo, 1927-1937 - 0.700 

of seasonal variation in earth-current activity has been Eastward component, Huancayo, 1927-1937 - 0.784 

allowed for, make it possible to follow from month to 

montt the changes in activity in comparison with sun- Here again the factor obtained at iVatheroo for the 

spot number. The factors of linear correlation with period 1927 to 1937 Is better than that for the entire ^ 

sunspot number as determined from these data are as 15-year period, unquestionably for the same reason, 

follows: Even If the lower value be taken, however, the results 

'y, would seem to Indicate that when allowance is made 

^ for seasonal changes, at least half of the month to 

No^ward component, Watheroo, 1927-1937 - 0.797 month variation In normal earth-current activity is 

Northward component, Watheroo, 1924-1928 - 0.731 closely related to solar activity. ^ 
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Fig. 1. Plan of observatory site and layout of the original earth-current lines, Watheroo 
Magnetic Observatory “ 7 



Fig. 2. General diagram for earth-current measuring system at Watheroo Magnetic 
Observatory | 
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Fig. 3. Laying conduit on west-east earth-current line, Watheroo Magnetic 
Observatory. A junction box is being placed. 



Fig. 4. Drawing cable into the conduit on west-east earth-current line, Watheroo 
Magnetic Observatory 


14 













Fig. 5. Diagrammatic 
measuring system, 


sketch of terminal and special junction box, earth-current 


Watheroo Magnetic Observatory 





Fig. 6. Arrangement of temporary electrodes, earth-current measuring system, Watherob 
Magnetic Observatory 
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Fig. 7. Wiring diagram, multiple point, multiple range recording potentiometer 





















•Fig. 9. Location of resistivity-survey lines and earth-current lines at \^atheroo Magnetic Observatory 
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Fig. 10. Variation of resistivity with depth in region about Watheroo Magnetic Observatory, January-July, 1926 



Fig. 11. Mean daily potentials, earth-current lines, Watheroo Magnetic Observatory, 1929-1930 
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Fig. 12. Mean diurnal variation, 11-year means, Watheroo Magnetic Observatory, 1932-1942 
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Fig. li. Sea.sonal variation, 11-year means, Watheroo Magnetic Observatory, 1932-1942 
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'iU>le 1, General summary of results, earth-resistivity survey, Watheroo Magnetic Observa|tory, 

j December, 1925-July, 1926 


Average resistivity to depth approximately equal to electrode-separation 


Electrode¬ 

separation 


Mean 

Largest values 

value 

Value 

Line 

Section 

Month 


meters 

ohm-cm 

ohm-cm 




600 

, 5,100 

6,900 

3 


Jan 




4 


Apr 

400 

3,930 

7,300 

3 

cf 

Jan , 

300 

2,410 

4,650 

3 

df 

Jan 

200 

1,530 

4,020 

3 


Jan 



3,200 

4 

ef 

Apr 

100 

705 

2,060 

3 

f 

Jah 



1,155 

1 

a 

Jun 

60 

705 

2,010 

3 

f 

Jan 



1,800 

Q 


Jun 



1,480 

P 

..... 

Jun 

30 

5,830 

51,000 

N 


Feb 



35,000 

P 


Jun 



33,000 

Q 


Jun 

20 

32,000 

288,000 

6 

a 

Jul 



214,000 

P 


Jun 

10 

165,000 

954,000 

P 


Jun 



699,000 

1 

r 

a 

Jun 

5 

386,000 

2,640,000 

p 


Mar 



2,340,000 

1 

a 

Mar 



1,417,000 

p 


Jun 



1,192,000 

1 

a 

Jun 



" 1,110,000 

3 

f 

Jan 

2.5 

580,000 

4,620,000 

P 


Mar 



4,140,000 

1 

a 

Mar 



2,030,000 

6 

a 

Feb 



1,856,000 

3 

f 

Jan 



1,128,000 

5 

d 

May 



1,043,000 

1 

a 

Jun 



1,016,000 

P 


Jun 


Smallest values 


Value 

Line 

Section 

Month 

ohm-cm 

2,900 

2 


Jan 

2 


Jun 

1,020 

2 

cf 

May 

> 840 

- 2 

df 

May 

530 

* 2 

ab 

Jun 

550 

2 

ef 

Jun 

290 

4 

c 

Apr 

310 

2 

e 

May 


3 

a 

Jan 

,120 

4 

c 

Apr 

215 

8 

d 

May 

250 

2 

e 

Jun 


2 

f 

Feb 

155 

M 


Feb 

220 

2 

e 

Jun 


2 

f 

Feb 

270 

R 


May 

190 

R 


May 

225 

2 

e 

Jun 


2 

f 

Dec 

124 

R 


May 

172 

8 

f 

May 

205 

2 

e 

Jun 

90 

R 


May 

130 

8 

f 

May 

210 

2 

e 

Feb 

236 

2 

e 

Jun 

120 

8 

f 

May 

140 

R 

..... 

May 

290 

2 

e 

Dec 

351 ^ 

2 

e 

Jun 


26 


























Table 2. Detailed results of resistivity measurements on lines one, two, and four, 
Watheroo Magnetic Observatory, December, 1925-July, 1926 


Electrode* 

Average resistivity to depth approximately «qual to electrode-separation 

separation 

Section a 

Section b 

Section c 

Sec'tlon d 

Section e 

Section f 

meters 

ohm-cm 

ohm-cm 

Line 1--March (dry) 
ohm-cm ohm-cm 

ohm-cm 

ohm-cm 


600 

400 

300 

200 

100 

60 

30 

20 

10 

5 

2.5 


600 

400 

300 

200 

100 

60 

30 

20 

10 

5 

2.5 


600 

400 

300 

200 

100 

60 

30 

20 

10 

5 

2.5 

1 


600 

400 

300 

200 

100 

60 

30 

20 

10 

5 

2.5 


600 

400 

300 

200 

100 

60 

30 

20 

10 

5 

2.5 


1,890 

1,570 

18,000 

27,000? 

382,000 

2,340,000 

4,140,000 


3,600 


1,155 

1,225 

20,700 

148,000 

699,000 

1,192,000 

1,043,000 


460 

660 

510 

390 

^540 

3,900 

24,400 


530 


440 

299 

298 

367 

504 

14,900 

240,000 


2,230 


3,330 

1,650 

880 

1,100 

1,200 

3,200 

61,600 

337,000 


‘5,000 


1,260 

940 

650 

1,550 

34,000 

275,000 

970,000 


4,650 


2,140 


3,500 


865 

545 

700 

760 

8,500 

136,000 

514,000 


2,280 


4,100 

1,105 
915 
. 1,070 
1,265 
10,140 
82,200 
204,000 


4,570 


Line 1--June (wet)^ 
4,930 


3,170 


1,290 


TOO 

581 

650 

872 

22,200 

130,000 

225,000 


Line 2--December to February (dry) 
2,940 


1,300 


1,230 


1,560 


1,180 


640 


1,460 

515 

490 

700 

2,770 

32,000 

76,000 

105,000 


1,455 

580 

500 

840 

4,180 

37,200 

75,000 

90,400 


1,240 


850 


700 


985 

530 

520 

2,980 

11,580 

119,600 

279,000 

282,000 


1,680 


2,900 


690 


1,020 


415 

334 

385 

441 

473 

914 

4,190 


840 

310 

256 

224 

223 

205 

236 

351 


550 


Line 4--April (rains just begun) 
6,900 


2,700 

820 

382 

620 

6,490 

246,000 

1,082,000 

1,373,000 


5,800 


290 

120 

407 

651 

11,640 

182,000 

508,000 


2,800 


585 

580 

630 

925 

9,000 

49,000 

87,600 


920 


540 

810 

470 

355 

370 

860 

1,600 

450 

275 

250 

1,330 

4,800 

410 

230 

220 

9;500 

30,000 

470 

220 

227 

107,000 

144,000 

492 

200 

294 

253;000 

257,000 

'928 

210 

404 

219,000 

270,000 

2,480 

28T 

369 



10,450 

510 

300 


Line 2--May to 

June (wet)^ 





U f v/w 

3,200 

1,730 

950 

870 

• 760 

720 

780 

882 

9,690 

7,250 

14,600 

96,400 

43,200 

97,400 

276,000 

270,000 

361,000 

546,000 

508,000 

471,000 

438,000 

566,000 

529,000 


“All values Line 
^Observations on 
^All values Line 
“Observations on 


1 in June were checked by Independent determinations using improved commutator 
Sections c and f. Line 1, were not repeated in June ■ 

1 during May to June were checked by independent determinations using improved commutat 
Sections a, c, /and f. Line 2, were not repeated during May to June 


21 







































Table 3. Annual means in sunspot number and in range 
of earth-current potential gradient for all days 
Watheroo Magnetic Observatory, 1932-1942 


Year 

1 

1 Sunspot 
number 

Range® 

Northward 

Eastward 

1932 

11.1 

94 

10 

1933 

5.7 

92 

12 

' 1934 

8.7 

80 

10 

1935 

36.1 

98 

10 

1936 

79.7 

128 

13 

1937 

114.4 

147 

14 

1938 

109.6 

120 

13 

1939 

88.8 

146 

13 

1940 

67.8 

114 

11 

1941 

47.5 

114 

10 

1942 

30.6 

109 

10 

Mean 

54.5 

110 

10 


^Range in hundredths of millivolts per km 



DIURNAL VARIATION IN EARTH - CURRENT POTENTIAL GRADIENT AT WA-TtjEROO MAGNETIC OBSERVATORY 
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DIURNAL VARIATION IN EARTH-CURRENT POTENTIAL GRADIENT AT WATHEROO MAGNETIC OBSERVATORY 
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TABLE 65 

EARTH-CURRENT POTENTIALS AT WATHEROO MAGNETIC OBSERVATORY 

JJKi 1933 EXPRESSED IN TENTHS OF MILLIVOLTS—VALUE S NEGATIVE EXCEPT AS INDICATED JUNE 192 

(the TABULAR VALUES ARE AVERAGES FOR SUCCESSIVE PERIODS OF ONE HOUR AS INDICATED 120° EAST MERIDIAN MEAN TIME) 
_ COMPONENT eastward LINE OR LENGTH IN KMS 9^0 DIRECTION TRUE E 
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TABLE 82 

EARTH-CURRENT POTENTIALS AT WATHEROO MAGNETIC OBSERVATORY 

MARCH 1934 EXPRESSED IN TENTHS OF MILLIVOLTS—VALUE S POSITIVE EXCEPT AS INDICATED MARCH 1934 

(the TABULAR VALUES ARE AVERAGES FOR SUCCESSIVE PERIODS OF ONE HOUR AS INDICATED 120° EAST MERIDIAN MEAN TIME) 

COMPONENT NORTHWARD LINE OQ LENGTH IN KMS 3.425 DIRECTION TRUE N 
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EARTH-CURRENT POTENTIALS AT WATHEROO MAGNETIC OBSERVATORY 
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c\] c\^ (33 03 CXI 


CD O- 00 CD O rH 

C\3 C\3 C\3 (33 DO DO 


MEANS 567 575 576 570 565 563 562 556 554 559 568 576 577 577 572 564 560 560 555 559 554 565 573 568 566 
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EARTH-CURRENT POTENTIALS AT WATHEROO MAGNETIC OBSERVATORY 
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EARTH-CURRENT POTENTIALS AT WATHEROO MAGNETIC OBSERVATORY 
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TABLE 221 

EARTH-CURRENT POTENTIALS AT WATHEROO MAGNETIC OBSERVATORY 

-i-hcLK EXPRESSED IN TENTHS OF MILLIVOLTS—VALUE S POSITIVE EXCEPT AS INDICATED DECEMBER 1939 

(the TABULAR VALUES ARE AVERAGES FOR SUCCESSIVE PERIODS OF ONE HOUR AS INDICATED 120° EAST MERIDIAN MEAN TIME) 

COMPONENT £AST»jARiy LINE OR LENGTH IN KMS 9.90 DIRECTION TRUE E 
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TABLE 250 

EARTH-CURRENT POTENTIALS AT WATHEROO MAGNETIC OBSERVATORY 

■"^ARCH 1941 EXPRESSED IN TENTHS OF MILLIVOLTS—VALUE S NEGATIVE _EXCEPT AS INDICATED MARCH 19- 

(the TABULAR VALUES ARE AVERAGES FOR SUCCESSIVE PERIODS OF ONE HOUR AS INDICATED 120° EAST MERIDIAN MEAN TIME) 

COMPONENT NORTHWARD LINE OQ LENGTH IN KMS 3.425 DIRECTION TRUE N 
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EARTH-CURRENT POTENTIALS AT WATHEROO MAGNETIC OBSERVATORY 
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